The aim of this study was to calibrate the CENTURY, APSIM and NDICEA simulation models for estimating decomposition and N mineralization rates of plant organic materials (Arachis pintoi, Calopogonium mucunoides, Stizolobium aterrimum, Stylosanthes guyanensis) for 360 days in the Atlantic rainforest bioma of Brazil. The models´ default settings overestimated the decomposition and Nmineralization of plant residues, underlining the fact that the models must be calibrated for use under tropical conditions. For example, the APSIM model simulated the decomposition of the Stizolobium aterrimum and Calopogonium mucunoides residues with an error rate of 37.62 and 48.23 %, respectively, by comparison with the observed data, and was the least accurate model in the absence of calibration. At the default settings, the NDICEA model produced an error rate of 10.46 and 14.46 % and the CENTURY model, 21.42 and 31.84 %, respectively, for Stizolobium aterrimum and Calopogonium mucunoides residue decomposition. After calibration, the models showed a high level of accuracy in estimating decomposition and N-mineralization, with an error rate of less than 20 %. The calibrated NDICEA model showed the highest level of accuracy, followed by the APSIM and CENTURY. All models performed poorly in the first few months of decomposition and N-mineralization, indicating the need of an additional parameter for initial microorganism growth on the residues that would take the effect of leaching due to rainfall into account.
INTRODUCTION
The decomposition of organic material on land systems is regulated by the biota, the quality of the material, as well as edaphic and climatic conditions (Swift et al., 1979) . To date, the quality of the organic material applied as fertilizers has been considered the most important factor in nutrient mineralisation and release to the plant-soil system (Swift et al., 1979; Heal et al., 1997; Palm et al., 2001) . High nutrient content in plant materials has been correlated with a high decomposition rate (Cobo et al., 2002) . On the other hand, a number of studies have shown an association between low lignin (L)/nitrogen (N) ratios and higher rates of residue decomposition (Melillo et al., 1982) . The concentration of polyphenols (PP) can also influence the decomposition and N-release rates of plant materials even more than L and N content (Mendonça & Stott, 2003) , especially in the initial stages of the processes. Carbon (C)/N, L/N, PP/N and (L+PP)/N ratios are inversely correlated with Nrelease from plant residues, whereas decomposition is correlated only with the L/N and (L+PP)/N ratios (Cobo et al., 2002) .
In addition to numerous factors intrinsic to organic material, there are climatic and edaphic factors which, by their interactions, control decomposition and nutrient release (Heal al., 1997) . A quantification of the individual contributions of climatic and edaphic factors to the organic material decomposition rate is difficult because of the complexity of the process. Tools such as simulation models, are essential for improving our understanding of the dynamics of decomposition and N-release from organic materials used in agriculture, transforming this knowledge into information that can be useful to farmers (Whitmore & Handayanto, 1997) .
The models developed to simulate the dynamics of organic matter can be split into two groups (Fideling et al., 2007) . The first contains models designed to verify the long-term effect of organic material management on C and N stocks in the soil. The second contains those developed for short-term simulation of the decomposition of residue on the soil surface, associated with the dynamics of C and N in shortcycle cropping. Despite the diversity of models for simulating organic material decomposition and Nrelease, many of them were developed for temperate regions. If they were to be applied without modification to tropical conditions with different temperatures and water dynamics, this would result in the over-or underestimation of flows within the system studied.
Therefore, the aim of this study was to calibrate the CENTURY, APSIM and NDICEA models for estimating the decomposition and N-release rates of plant organic materials over a 360-day period in tropical Atlantic Forest biomes.
MATERIAL AND METHODS
This study was based on data of an evaluation experiment of decomposition and N-release rates, conducted in the municipality of Pedra Dourada (20 ° 50 ' south, 42 ° 08 ' west, elevation 690 m), a forest area in the state of Minas Gerais, Brazil (Matos, 2005) on soil classified as Typic Hapludox (Soil Taxonomy), with a pH of 5.04, 36.8 g kg -1 organic carbon and clay texture (450 g kg -1 clay). The average values of monthly minimum and maximum temperatures and rainfall in the municipality of one year (2004) (2005) are given in table 1.
The experiment was conducted over a period of 360 days to assess the rates of decomposition and Nrelease from the plant residues of Arachis pintoi (pinto peanut), Calopogonium mucunoides (calopo), Stizolobium aterrimum (velvet bean), Stylosanthes guyanensis (stylo). A randomized block design was used with four replications in a 4 x 7 factorial arrangement (four legumes and seven samplings).
The chemical characteristics of the plant residues are given in table 2. To estimate the mass loss and N release, were used litter bags made of 2 x 6 mm (12 mm 2 ) mesh allowing mesofauna organisms to access the plant matter (Rezende et al., 1999) . At the beginning of the experiment (t zero), the plant material to be decomposed was sampled for chemical and biochemical analyses to characterize and calculate dry matter loss and remaining N. At each sampling, the litter bags were emptied and the material dried in a fan oven for 72 h to determine dry weight. Next, this material was ground and chemically analyzed. The nitrogen remaining in the residue was determined by dry combustion in an elemental analyzer (Perkin Elmer CHNS/O 2400).
Descriptions of the Models
The NDICEA model NDICEA is an acronym for "Nitrogen Dynamics in Crop Rotations in Ecological Agriculture". The model was created to simulate the dynamics of water, C, fresh organic matter and organic/inorganic N in the soil under crop rotation systems (Burgt et al., 2006) . However, our study concerns only the calculation bases for the decomposition of organic material and mineralization of N. All data and calculations below were derived from the manual by Burgt et al. (2006) .
To calculate the organic material decomposition rate (dOM, in kg OM per week), the model uses Equation 1 below:
where: A t = apparent age; OM = organic material in kg; f = temperature, moisture, organic matter protection and pH factors. This Equation is derived by combining Equations 2 and 3 below:
where: C y = carbon remaining after application of organic carbon (C 0 ) at time t = 0; A y = apparent age of Janssen (1984 Janssen ( , 1996 for the C dynamics. Equation 3, used to calculate the apparent age of the organic material, was described by Woli (cited by Burgt et al., 2006) . The model introduces the concept of apparent age or initial age of the organic material, corresponding to the presence of organic material constituents of higher recalcitrance or the greater resistance of the material to decomposition: the more L and PP in the organic material, the higher the Initial Age figure (IA). For further details, see Yang & Janssen (2002) .
The correlation of factors (f) which control the decomposition rate are described by Equation 4:
where: f T = temperature; f θ = moisture; f prot = protection factor and f pH = pH.
Therefore, the effect of temperature (f T ) on the decomposition rate is defined by modifying the equation as proposed by Yang (1996) and cited by Burgt et al. (2006) , based on the annual average temperature (T a ) (Equation 5), taking into account the influence of the average weekly temperature T av on the decomposition rate:
The effect of moisture (f θ ) is described by Rijtema (1980, cited by Burgt et al., 2006) . It can be seen that for pF = 0 to 2.7, the correlation factor is 1, falling linearly to 0 between pF = 2.7 and pF = 4.2. The pF corresponds to the logarithm of the soil moisture tension expressed in centimeters of water column.
The protection capacity factor (f prot ) depends on the soil texture, structure and organic matter content.
The soil pH factor in the decomposition rate is given by the following Equation:
To calculate the release/mineralization of N (dMN; kg ha -1 week -1 ) from the organic material added to the soil, the model uses the following Equation 7:
where: ad micro = ratio of organic matter assimilation/ mineralization by microrganisms, which in this study was set to the default value of 0.2; ON = organic N (kg ha -1 ); cn micro = C/N ratio for microrganisms, which in this study was set to 9.3 (model default value).
For clarification, dissimilation covers the products of oxidation of organic compounds (CO 2 and H 2 O).
The APSIM model
APSIM is an acronym of "Agricultural Production Systems Simulator" and was created in response to the need to improve planning and forecasting for crop production under different climatic, soil and management conditions on rural properties in Australia (Keating et al., 2003) . The model consists of 10 components which are described in detail by Keating et al. (2003) , as follows: annual crop, grassland and forest; water balance and movement of solutes in the soil; soil organic matter and N; residue; phosphorus; soil pH; erosion; management; intercropping/weeds/consortium systems; and multipoint simulation (Probert et al., 1998; Thorburn et al., 2001; Keating et al., 2003) .
The APSIM residue model, described by Probert et al. (1998) , simulates residue on the soil surface separately from the soil organic matter and incorporated residue. This model therefore presents the possibility of working within a monthly or daily timeframe.
The rate of residue decomposition is controlled by the following Equation:
where: R = mass of residue or organic material per unit area (kg ha -1 ), t = time and k = decomposition coefficient given by:
where: D max = maximum or potential decomposition rate; F C:N , F temp , F moisture and F contact = factors on a scale from 0 to 1 that indicate the degree of limitation on decomposition imposed by the C/N ratio of the residue, temperature, moisture and residue-soil contact (Thorburn et al., 2001) . The definitions of the factors are expressed mathematically (Equations 11-14):
where: T = average daily air temperature (°C); E os = potential daily water evaporation from the soil (mm); R min = mass of residue above which the decomposition rate drops (kg ha -1 ); R max = mass of residue above which the decomposition rate is independent of mass (kg ha -1 ); and the subscripts "opt" and "max" indicate optimum and maximum parameter values. With the exception of F contact, min which varies from 1 to 0.46, all other factors vary from 0 to 1.
To improve the accuracy of the APSIM model in estimating the organic material decomposition rate, Thorburn et al. (2001) proposed changing the contact factor incorporated into the model, resulting in the substitution of Equation 13 by Equation 14, i.e.: (14) where: R crit = the amount of residue (kg ha -1 ) in the active decomposition layer, whose conditions are more favorable to biological activity. This parameter is difficult to estimate, and can be specified for each material. However, it is recommended that R crit be set to a value between 1 and 3 t ha -1 .
In the APSIM model, mineralization of N is defined by Equation (15), proposed by Whitmore & Handayanto (1997) :
where: Z = C/N ratio in the decomposing substrate; E = microbiological efficiency factor, set by the model to 0.4; and Y = C/N ratio of the organic matter being formed. This organic matter is the end-product of the decomposition process, defined by Whitmore & Handayanto (1997) as humus with a C/N ratio of around 10.
The CENTURY model
Although CENTURY was created to simulate the dynamics of organic matter in soils under natural grassland on the North American plains, the model has been successfully applied to tropical conditions (Leite, 2002; Mendonça & Stott, 2003; Leite & Mendonça, 2003; Cerri et al., 2004; Leite et al., 2004a,b; Galdos, 2007; Leite & Mendonça, 2007) .
It is subdivided into three submodels: water submodel, plant production submodel and organic matter dynamics submodel. The submodel describing soil organic matter dynamics is further divided into five compartments, three related to soil organic matter and two to plant residues (Metherell et al., 1993) . Plant residues are divided into a structural compartment (resistant to decomposition) and a metabolic compartment (rapidly decomposable) (Parton et al., 1994a,b) . The structural compartment comprises material with a recycling time of 1 to 5 years and the metabolic compartment covers material with a recycling time of 0.1 to 1 year, i.e., material that is decomposed rapidly by the immediate action of microorganisms (Parton et al., 1994a,b; Leite & Mendonça, 2007) . The CENTURY model works on a one-meter scale and simulates the surface layer (0-20 cm) based on a monthly timeframe.
For the surface residue decomposition rate, the model has an Equation for each compartment (metabolic [Equation 16 ] and structural [Equation 17 ]):
where: K I = maximum decomposition rate for the compartment; C I = quantity of C in the compartment; A = combined effect of moisture and temperature; L c = impact of lignin content on the decomposition rate, which is calculated using Equation 18:
where: Ls = structural material content.
The influence of temperature (t 1 and t 2 ) and moisture on the decomposition rate can be illustrated mathematically (Equations 19-23) and graphically, as follows:
t 2 = e (0.076 (1 -e (In (t1) 2.63)) (20)
A w --= ((1 / (1 + 30 e ) If RAT > 1.5
A w --= 1 -0.7 (RAT -1.5) / 1.5
where: T s = average soil temperature (°C); A t = effect of temperature; A w = effect of moisture; RAT = ratio of stored water (depth 0-30 cm) plus monthly rainfall (cm) to potential evapotranspiration (cm).
All these equations and assumptions are described in more detail in Parton et al. (1994a,b) , Leite & Mendonça (2003) and Leite & Mendonça (2007) .
Model Settings and Calibration
The input variables used in the models are given in table 3. Decomposition and N-release figures for the models were tested based on the application of organic materials to the soil surface layer.
In the NDICEA model, the input variables used were the quantities and characteristics of the organic materials and fresh organic matter. In CENTURY, there are a number of input paths for organic material. However, we created a scenario in which residues (or litter) were added to the surface (CLITTR in site.100). In the APSIM model, the residue module was used that processes residues applied to the surface.
After adjusting the settings, the models were calibrated to take account of the similarity between the observed and simulated data by adjusting an internal parameter for each model. Thus, NDICEA was calibrated for the variable Initial Age (IA) of the material (Equations 1 and 3) , which is directly related to its chemical and biochemical composition, indicating the speed at which organic material decomposes (Yang & Janssen, 2002 organic material will be decomposed. CENTURY calibration was restricted to DEC1 (1) and DEC2 (1), relating to the decomposition speed of (1) structural material, and (2) metabolic material in the residues (Equations 16 and 17). The variables for each model (Initial Age for NDICEA, Potential Decomposition Rate for APSIM and DEC 1/DEC 2 for CENTURY) were calibrated according to the values at which deviation was lowest, calculated using Equation 24 (RMS E ). The other model input variables were left unchanged, since they represent characteristics linked to the environment or the plant material (such as temperature, moisture, C/N ratio, etc.) and were calibrated as established simulation conditions.
Statistical Analysis
To check whether the simulations of decomposition and N-release rates by the models were satisfactory, measurements (observations) were plotted against time, with the respective confidence intervals and the interval used in the simulations. Thus, when the models produced simulations within the confidence interval, they were considered satisfactory estimates of the kinetic parameter for the variable in question. This procedure was carried out only for velvet bean and calopo, representing the legumes with highest and lowest quantity of decomposition-resistant compounds, respectively, although calibration was carried out for all four plant residues. Equation (24) was used to calculate the deviations of the estimates for decomposition and N-release in the models, in relation to the values obtained in the field: (24) where: = measured value, y = estimated value, and n = number of observations.
The linear regression equations for the observed data were adjusted based on the data simulated by the models for each type of plant material and statistically checked whether the intercept (β 0 ) differed from (0) and slope (β 1 ) from one (1), calculated for the confidence interval for each component of the equation (probability 95 %). In this case, if the intercept, the slope or both components of the adjusted equations differed from the ideal (respectively zero and one), this provides us with information on the degree of accuracy in the simulation of decomposition and N-release rates for the plant residues.
RESULTS
In the absence of calibration, both CENTURY and APSIM overestimated the decomposition and N-release rates for the plant organic materials evaluated (Figure 1) . NDICEA overestimated the decomposition rate for velvet bean and calopo residue in 360 days and underestimated N-release from these plant residues. In the absence of calibration, NDICEA produced the most accurate simulation for decomposition and N-release within the confidence interval and with the lowest deviation in relation to the measured data. The other models produced higher deviations than NDICEA, but CENTURY was more accurate than APSIM, since it produced the simulation with the lowest deviation from the observed results.
The overestimates for plant material decomposition and N-release rates produced by CENTURY and APSIM could be due to the fact that the climatic conditions for which the models were conceived are very different from the conditions programmed for the tropics, explaining the greater decomposition of and N-release from the plant residues at default settings.
Thus, to obtain greater accuracy in the estimates produced by these models for the decomposition and N-release rates for plant residues under tropical conditions, the variables of each model that control these processes were calibrated (Table 4) .
In general, calibrating the models to obtain greater accuracy (relative to observed results) in simulating decomposition involved slowing down the process in comparison to the default model settings.
To define N-release from plant residues, in which the N-release rate was slightly higher than the decomposition rate, the setting for IA (Initial AgeEquations 1, 2 and 3) in NDICEA was 0.3 lower than the decomposition setting, except for calopo, which required a 0.5 lower IA setting. The APSIM setting for simulating N-release from the legume residue was higher than the setting for controlling decomposition, leading to a greater N-release rate than the decomposition rate. In CENTURY, to reconcile the Table 3 . Main input variables used in simulation models for tropical conditions decomposition and N-release rates for the plant residues, the settings for these two processes were the same. Once calibrated, the simulations produced by the models increased in accuracy for both decomposition and N-release rates for the plant residues (Figure 2 ). Decomposition and N-release rates for velvet bean and calopo residue over 360 days were simulated with the highest level of accuracy by NDICEA, followed by APSIM and CENTURY, in that order.
In general, the decomposition and N-release rates were underestimated by the models in the initial months, even after calibration. In addition, NDICEA, in contrast to the other models, produced smoother decomposition and N-release curves over 360 days, whereas CENTURY and APSIM produced decomposition and N-release curves that oscillated up or down according to temperature differences and rainfall throughout the 360 days. Although sensitivity tests were not run, the curve shapes indicated that CENTURY and APSIM were more sensitive to climatic conditions, as also indicated by the overestimated decomposition when the default settings were used. Although the accuracy level of all models was high, with deviations of less than 20 % by comparison with the observed data, as reported by Leite & Mendonça (2007) for deviations from field experiments, NDICEA stood out in terms of adjusted equations, with few β 0 and β 1 values deviating from the ideal, and high determination coefficients (Table 5) . APSIM produced average results, followed by CENTURY. 
DISCUSSION
At the default settings, the simulation models overestimated or underestimated decomposition and N-release rates. Therefore, calibration was essential to increase the accuracy of the models in estimating these processes. The over-and underestimation of decomposition and N-release could be attributed to the fact that the models were designed specifically for temperate climatic conditions, usually significantly different from tropical conditions (Parton et al., 1987; Thorburn et al., 2001; Burgt et al., 2006) , where decomposition is faster and influenced by other factors, e.g., soil active and exchangeable acidity and nutrient availability, especially of phosphorus (Leite & Mendonça, 2007) .
Because plant residues have different chemical compositions, the parameter controlling decomposition in the models was calibrated to cover two residue groups: readily decomposable and slow-decomposing materials. Therefore, for less readily decomposable materials, the process was slower (Kögel, 1986; Constantinides & Fownes 1994; Lupwayi & Haque, 1998) , so the decomposition control parameter had to be adjusted to delay the process. Obviously, the opposite applies to readily decomposable plant residues.
The quality of the plant residues is considered an important factor in decomposition and N-release (Heal et al., 1997) . Carbon/N, L/N, PP/N and L+PP/N ratios are inversely correlated with the decomposition rate and nutrient release from these materials (Melillo et al., 1982; Thomas & Asakawa, 1993; Constantinides & Fownes, 1994; Handayanto et al., 1995; Cobo et al., 2002) . Thus, for the residues of a legume with greater abundance of recalcitrant compounds (Table 2) , the decomposition rate setting was lowered in all models by comparison with the calibration for other organic materials. In contrast, the decomposition rate was set to simulate faster decomposition for legume residues with a lower proportion of recalcitrant compounds.
Although the NDICEA model contains IAs for some groups of organic materials (Janssen, 1984 (Janssen, , 1996 , they do not agree with the values observed in this study. In this study, the IA settings are closely related to the chemical composition of the plant residues, especially N, L and PP contents and ratios, which directly influence the decomposition of and N-release from the plant organic material (Fox et al., 1990; Constantinides & Fownes, 1994; Cobo et al, 2002) . However, further work is essential for correlating IAs with the chemical composition of the plant residues to produce more extensive databases providing information on materials of very different compositions.
To satisfactorily simulate the decomposition of plant organic materials, the CENTURY and APSIM settings controlling the process of decomposition were usually calibrated to reduce the decomposition rate. Based on the principle of calibration (Addiscott, 1995) , this lowering of the default value in the CENTURY model and the even more significant reduction in APSIM suggest that these models are sensitive to the environmental conditions studied. CENTURY simulates temperature and rainfall based on a single parameter, which could reduce its sensitivity to variations in these environmental characteristics by comparison with APSIM. Another important aspect is that the decomposition rate in CENTURY is also controlled by the L-content, which contributes to the delay of the simulated decomposition produced by this model, leading to a lower calibration difference compared to the default setting. The work carried out by Vitousek et al. (1994) shows the need for reducing the decomposition rate, bearing in mind that, for tropical conditions in Hawaii, CENTURY overestimated the decomposition of litter from the tree species Metrosideros polymorpha, although its residue is more resistant to decomposition than the materials used in our study.
After calibration, the models simulated decomposition and N-release rates for plant residues more accurately. Therefore, these models can be used to describe the two processes under the calibration conditions. It is worth noting that none of the models could estimate the initial N-release from plant residues without difficulty, implying that during this period (around 30 days), the models did not take the loss of some chemical compounds through leaching (caused by rainfall or dew) into account (Swift at al., 1979; Heal at al., 1997) .
A comparison of the data observed by Matos (2005) , used in our study to calibrate the models, with other data in the literature (Cobo et al., 2002; Tian et al., 2007 ) reveals a slight slowing down of the initial decomposition, which could be due to greater quantities of more resistant material (stalks) in the total dry matter, or to the fact that the initial stages of decomposition occurred during the months of lower rainfall. Thus, future studies should take these variations into consideration when using the models or interpreting the data. However, some studies highlight the influence of the initial decomposition method, since the use of a larger litter bag mesh can interfere with mesofauna access to the decomposing material (Rezende et al., 1999) . But in our study the mesh opening was 12 mm 2 , which is greater than the 4 mm 2 (2 mm opening) considered minimal to ensure mesofauna access (Rezende et al., 1999) . This means that the method used did not impair the access of mesofauna to the residues.
Provided that form of application is properly analyzed, models can be useful to improve descriptions of how plant residues behave on the soil, bearing in mind that most of the decomposition and N-release estimated by the models were below the 20 % deviation mark, considered optimum for field simulation (Leite & Mendoça, 2007) . This has a number of practical implications, which could be used not only to verify the supply of nutrients to the system but also to help predicting how much time this material will remain on the soil surface. However, these models need to be validated prior to application, which calls for studies for a gradual consolidation for simulations of humid, tropical environments, to increase their accuracy and reliability, based on agronomic recommendations.
In addition, further research is necessary to make the models more mechanistic, minimizing the empirical aspect, with a view to increasingly accurate estimates, especially under tropical conditions that have been little studied. A mechanistic representation of the decomposition of plant residues on the soil poses problems because the transformation of the original plant material cannot be measured directly in the soil (Jans-Hammermeister & McGILL, 1997) . JansHammermeister & McGILL (1997) chose two methods that could be used to overcome these problems: 1) regression analysis on the C mineralization curve (treating mineralization as equivalent to the decomposition rate); 2) calculating microbiological growth in the decomposing residues. The first method is the basis for establishing the calculations for decomposition and N-release for plant organic material in NDICEA, into which the designers incorporated equations for observing the decomposition behavior of a number of organic materials (Janssen, 1984 (Janssen, , 1996 Yang & Janssen, 2002) . In this way, under tested conditions, we can infer that the better correlation of the observed data with the data simulated by NDICEA is due to the fact that this model is more mechanistic than CENTURY and APSIM. In this sense, one way of solving the difficulty observed in estimating decomposition and N-release in the initial months (rapid decomposition and N-release) of the models CENTURY and APSIM, and even for NDICEA, would be to incorporate a variable that represents microbiological growth on the residue into the models.
CONCLUSIONS
1. When used with the default settings, the models CENTURY, APSIM and NDICEA overestimated or underestimated the results with high deviations in the decomposition and N-release rates for all plant residues, showing that calibration is essential if these models are to be applied under tropical conditions. 2. After calibration, the models were more accurate in their estimates of decomposition and N-release rates from plant organic material over 360 days. The accuracy level of all models was high. However, NDICEA performed best under the test conditions.
3. Further studies are necessary on a wider variety of plant residues and natural environments to consolidate the predictive power of models in relation to the behavior of different sources of organic material in the field.
